Abstract: When an object that is buried underwater in a sediment layer is detected from the diagonal, detection is often hampered by reflection from the bottom surface. Stated in different terms, the sound-wave energy that reaches the object is small because of reflection and refraction that occurs at the bottom surface when a sound wave is applied to the object in the sediment for diagonal detection. To alleviate that problem, a pseudo sound source can be set up in the sediment layer. The sound wave radiated from the pseudo sound source is then received by a time-reversal array. The sound wave can be injected into the sediment layer by reversing the received signal with time, and radiating it again from the time-reversal array. The beam can hit the target through movement of this pseudo sound source along the bottom surface. The sound wave that hits the target is reflected and returns in water. The sound wave is subsequently reflected many times at the surface and bottom, and is diffused over time. The passive-phase conjugate processing is then given to the received diffusing signal to reduce this diffusion. The pulse is compressed by this processing, thereby obtaining the target position.
INTRODUCTION
The problem of the detection of a buried object in sediment has been extensively studied. Boyle and Chotiros [1] developed a model for acoustic backscatter mechanism from trapped bubbles in sandy sediments. Swift and Stephen [2] computed the two-dimensional scattered field by the finite-difference method for an incident Gaussian pulse beam at 15 grazing angle. Lim et al. [3] studied the scattering of sound by objects buried in underwater sediments in the context of an exactly soluble model. The main problem in studying the detection of a buried object is existence of the interface between the water and the sediment. A sound wave that reaches the interface not only is reflected by the surface of sea bottom but also is affected by refraction and scattering. Lim et al. [3] concluded that if the beam is scanned over the object at shallow grazing angles, the scattering of evanescent waves may be an important part of the received echo.
An object can be detected comparatively easily when the sound source is located above the buried object because the reflection of sound waves and refraction by the surface of the sediment layer are small. However, the influence by the reflection of the sound wave by the surface of bottom and the refraction increase when the sound source leaves the buried object horizontally, and the detection of the object becomes difficult.
In this paper, we propose the method of applying a phase-conjugated wave with the aim of reducing the influence of the reflection and refraction by the surface of bottom. That is, a pseudo-sound source is set up in the bottom and a time-reversal array (TRA) is set up in the water. The pulse radiated from the pseudo-sound source is received by the TRA. Time-reversal processing is applied to the received signal, and the signal is reradiated from the TRA. The radiated sound waves converge by the principle of phase conjugation at the position of the pseudo-sound source. In this case, it is thought that the influence of the reflection and refraction by the surface of bottom becomes small. When the pseudo-sound source is moved in the bottom, the sound beam will scan in the bottom. When the sound beam hits a target in the bottom, the sound wave is reflected from the target. The reflected sound wave propagates in water, and is received by the installed array separately. However, the received sound signals are distorted complexly by the diffusion and reflection undergone during the propagation in water. Then, the signals received by the array are processed by passive phase conjugation (PPC). The simple signal at the time of reflection at the target is reproduced by PPC.
VERTICAL BEAM SCANNING IN THE BOTTOM
It is difficult to irradiate the sound beam from the upper side of an object if the buried object is a mine. It is necessary to detect the mine with the remote point horizontally. The reflection strength of the object buried in the bottom decreases as the sound beam becomes inclined. Then, the sound source is set to the position of the remote in the horizontal direction from the buried object. The method of generating the sound beam that enters from the upper side of the buried object is examined. A TRA is set up from the buried object to the remote position, as shown in Fig. 1 . Under such a condition, a sound beam can be radiated from the array to the buried object. However, the sound beam approaches horizontal as the range between the buried object and the array increases. The influence of the reflection and the refraction by the bottom surface increases as the beam approaches horizontal, and the strength of the sound waves that reach the buried object becomes small. Then, a pseudo-sound source is assumed in the bottom, and the sound wave radiated from the pseudosound source is received by the TRA. When the processing of phase-conjugation is applied to the received signal and the signal is reradiated from the array, the sound beam converges by principle of phase conjugation at the position of the pseudo-sound source. Therefore, the sound beam can be scanned almost vertically by radiating the phaseconjugated waves from the TRA while moving the pseudosound source to the horizontal direction. First of all, we examine how the sound field changes when the pseudosound source is moved. When the target in the bottom is insonified by the sound beam, it generate the scattering sound wave. Furthermore, its reflection is received using a receiving wave array. The compression of the pulses is applying by PPC to the signals.
PHASE-CONJUGATED WAVE
The formation and convergence of the sound beam can be examined by looking for the sound field in the frequency domain. However, because the buried object is detected using the pulse in general, it is also necessary to examine the processing in the time domain. The phase-conjugated wave in the frequency domain is given by the following equation [4] .
G ! ðr; r n Þ and G ! ðr n ; r s Þ are the Green's function for the propagation from the sound source to the array, and from the array to the field point, respectively. r is the range. Subscripts s and n, and superscript Ã denote the sound source, array number, and phase-conjugate, respectively. On the other hand, the sound pressure of the pulse in the time domain is given by the following equation [5] .
Sð!Þ is the spectrum of the sound source. This method is known as the active phase-conjugation method. The sound pressure by the coupled-mode solution is used as the Green's function. The sound pressure is expressed by the following formula [6] . The sound wave radiated from a sound source is received in the array. The cross-correlation of the signal that is received by array element n is given by the following equation [7] : 
where p i is the probe signal and p d is the data signal. When all the obtained cross-correlations of each array element are added, signal S is obtained as
where w m is a weighting factor. This SðtÞ is known to be equivalent to the phase conjugation. This method is known as the passive phase-conjugation method.
RESULTS OF SIMULATION 4.1. Sound Source and Sound Field
In the composition shown in Fig. 1 , the depth of water, the frequency of the sound wave, and the depth of the pseudo-sound source are assumed to be 100 m, 500 Hz, and 101 m, respectively. Seawater has sound speed and density given by 1,500 m/s and 1,000 kg/m 3 , respectively. The sound speed in and density of the sediment are 1,600 m/s and 1,150 kg/m 3 , respectively, and the absorption coefficient is 0.5 dB/. The sound field of the phase-conjugated wave is obtained by Eq. (1) while changing the range from the TRA to the pseudo-sound source. Figure 2 shows the sound field when the range between the TRA and the pseudo-sound source is 2.1 km and the depth of the pseudosound source is 102 m. The TRA is placed at the position with range 0 in this figure. It is understood that the sound field converges at the position of the pseudo-sound source. In addition, the sound wave enters into the focus almost vertically. It is understood that the acoustic beam enters right above into a pseudo sound source. Figure 3 shows the sound field for ranges of 1, 2, 4, and 5 km. The left end of the sound field is the position of the TRA in these figures. It is understood that the beam that converges at the pseudo- source location is also formed in each figure. In addition, the sound beam enters the focus almost immediately above into the pseudo-sound source in each location. When the range increases, the angle of incidence of the sound beam grows a little. However, the sound wave enters the buried object is received neither the reflection of the surface of bottom nor the refraction.
Pulse Shape near Pseudo-Sound Source
Because sound pulses are usually used for the detection of buried objects, it is necessary to examine the shape of the pulse that enters into the buried object. Then, the pulse shape obtained using Eq. (2) is shown in Fig. 4 near the pseudo-sound source. First, the sound pulse radiated from the pseudo-sound source is a tone burst wave. Its frequency is 500 Hz and its pulse width is 8 cycles. The top figure shows the waveform on the surface of bottom when the depth of the pseudo-sound source is assumed to be 100 m. The bottom figure shows the waveform on the surface of bottom when the depth of the pseudo-sound source is assumed to be 102 m. The sound pulse is reproduced at the position of the pseudo-sound source in the upper figure. However, even when the position of the sound source is 2 m under the surface of bottom, the sound pressure on the surface of bottom is not small. That is, it is necessary to take into account the reflection from the surface of the bottom. Figure 5 shows the amplitude distribution of the sound pulse near the surface of bottom when the depth of the pseudo-sound source is assumed to be 100 m. The amplitude is normalized by the maximum amplitude. In this figure, curves a, b, and c correspond to 100, 101.5, and 103 m receiving depths, respectively. The amplitude decreases rapidly when leaiving right above the pseudo sound source. A narrow sound field in the bottom is formed though the pseudo-sound source is placed on the surface of bottom. Figure 6 shows the amplitude distribution of the sound pulse near the surface of bottom when the depth of the pseudo-sound source is assumed to be 102 m. The receiving depths of curves a, b, and c are the same as those in Fig. 5 . It is understood that there is little change in the focal position upon varying the sound source depth. Figure 7 shows the structure and arrangement of the buried object. The buried object is a trapezoid made of iron with a pair of the parallel sides, and height given by 1, 3 and 1 m, respectively. Part of the buried object is expanded in this figure. First, a tone burst wave of frequency 500 Hz and a pulse width of 8 cycles is radiated from the position of the pseudo-sound source. The sound waves radiated from the position of the pseudo-sound source are received by the TRA, and the signals are processed by time-reversal processing. Next, the processed signals are reradiated from the TRA. The radiated sound waves hit the buried object and are reflected. The sound waves reflected from the buried object propagate in water while repeatedly undergoing reflections by the surface and bottom of the sea and the waveform of the sound pulse becomes distorted gradually. Under this propagation, the target condition is included in the calculation using the coupled-mode solution [6] with the form of the sound profiles. To compress this distorted pulse, PPC is applied. That is, the autocorrelation of the signal that is received by each element of the array is carried out in accordance with Eqs. (3) and (4), and the autocorrelations for all array elements are added. In this case, because the probe signal and the data signal are the same, this processing becomes the autocorrelation. In other words, the dummy source transmits a pulse which has frequency, duration, and repetition rate given by 500 Hz, 8 cycles, and 5 second, respectively. The TRA receives a pulse and, as for the signal, time-reversal processing is performed for each element. The signal on which time reversal was carried out is then reradiated from the TRA. The time reversal signal is then received by the vertical array 3.6 km away from the TRA.
Buried Object and Reflected Wave
When a target does not exist, Fig. 8(a) shows the received signal at the center of the array of elements (depth 50 m). It is in agreement with the propagation time from the pseudo-sound source to the vertical array in this figure. When a target exists, Fig. 9(a) shows the signal received at the center of the array of elements. The first signal was directly propagated from the pseudo-sound source to the vertical array. The second signal was received by the vertical array via the TRA. That is, the second signal was scattered by the target.
In accordance with Eq. (4), the autocorrelation of the signal received with each element of the vertical array is carried out. Next, in accordance with Eq. (5), the values obtained by the autocorrelation at each element were added, as shown by SðtÞ in Figs. 8(b) and 9(b) .
The received sound pulse and the coefficient of correlation when no buried object is present are shown in Fig. 8 . The range between the pseudo-sound source and the TRA is 2.1 km, and the range between the pseudo-sound source and the receiving array is 1.5 km. Figure 8(a) shows the waveform of the pulse that is received by the array of elements at 50 m depth. The time scale of the pulse is equal to the time to travel the 1.5 km between the pseudo-sound source and the receiving array. Other pulses cannot be seen apart from this pulse. Figure 8(b) is the value obtained the summing the autocorrelation of each element of the receiving wave array, that is, PPC. Anything cannot be seen besides the pulse wave at the center.
Next, the received sound pulses and the autocorrelation when the buried object is present are shown in Fig. 9 . Figure 9 (a) shows the waveform of pulses that are received by the receiving array of elements at 50 m depth. The pulses appear at the travel times of 1 and 3.8 s. The first pulse is the pulse propagated directly from the pseudosound source to the receiving array. The second pulse is the pulse that reaches the receiving wave array from the pseudo-sound source via the TRA. Figure 9 (b) indicates the value obtained by summing the autocorrelation of each element of the receiving wave array. Because the pulses are repeated at periods of 5 s, the correlation coefficient of the pulse before one cycle (right pulse) is displayed. When the second pulse of Fig. 9(a) and the first pulse of Fig. 9(b) are compared, it is clear that the pulse is compressed.
SUMMARY
We proposed a method of applying phase conjugation for the detection of a buried object in the bottom. The pseudo-sound source is set in the bottom. The sound beam converges at the location of the source when the sound wave radiated from the sound source is reradiated through the TRA. In view of the results examined spatially for the sound field near the buried object, it is clear that the sound beam enters in the bottom almost vertically. When the distribution of the pulse amplitude was examined near the buried object, the change in the amplitude distribution of the received signal upon changing the depth was small. PPC was applied after the sound pulse reflected from the buried object was received by the receiving array, and the elongated pulse was compressed.
The elongated pulse was able to be compressed by receiving the sound wave pulse reflected from the buried object at the receiving wave array, and applying PPC.
